An image sensor based on wide band gap silicon carbide (SiC) has the merits of high temperature operation and ultraviolet (UV) detection. To realize a SiC-based image sensor the challenge of opto-electronic on-chip integration of SiC photodetectors and digital electronic circuits must be addressed. Here, we demonstrate a novel SiC image sensor based on our in-house bipolar technology. The sensing part has 256 (16×16) pixels. The digital circuit part for row and column selection contains two 4-to-16 decoders and one 8-bit counter. The digital circuits are designed in transistor-transistor logic (TTL). The entire circuit has 1959 transistors. It is the first demonstration of SiC opto-electronic on-chip integration. The function of the image sensor up to 400 • C has been verified by taking photos of the spatial patterns masked from UV light. The image sensor would play a significant role in UV photography, which has important applications in astronomy, clinics, combustion detection and art.
Many applications, not limited to astronomy, clinics, combustion detection and art, have a strong demand in UV-only photography [1] , [2] , [3] . Some of them also request the durability of the hardware (e.g., image sensor) in extremely high temperature environments [4] , [5] , [6] , [7] , [8] . Conventional image sensors applied in ultraviolet (UV) photography are Si-based in combination with external band-pass filters [9], [10] . Since there is no band-pass filter that can totally reject visible and infrared light, a pure UV image of any object cannot be achieved. Moreover, Si technology has an operational temperature limitation of 300 • C. A high leakage current also degrades the signal-to-noise ratio (SNR) of the photodetectors. On the contrary, SiC, as a wide band gap material, is ideal for UV-only detection in a wider temperature window [11] . SiC is naturally transparent to visible and infrared light. SiC electronics are also superior in high temperature operations. The junction is neither affected by the high ambient temperature nor the infrared thermal emission from the background. SiC photodetectors and integrated circuits (IC) have been under development since 1990s [12] , [13] , however, no work in on-chip integration of the two parts has ever been reported to produce an image sensor.
There are several device options, such as MOSFET [14] , [15] , [16] , JFET [17] , [18] and BJT [19] , [20] , [21] , in the SiC circuit design for > 400 • C applications. BJT is more thermally stable compared to MOSFET. The gate dielectric of MOSFET has durability issues under a high temperature stress and it leads to a threshold voltage shift over time [22] . The most complex SiC-based circuit has been realized in CMOS with 1398 transistors, but the maximum operational temperature is only 300 • C [23] .
Our preliminary works have shown the high temperature performance of discrete UV-only SiC photodetectors (up to 550 • C) [24] , [25] , [26] and BJT (up to 400 • C) as a switch controlling a photodiode [27] . We have also presented our work on a TTL process design kit (PDK) demonstrating the functionality of basic digital circuits up to 500 • C [28] . Here, our in-house processing flow for SiC bipolar technology has been optimized to achieve a higher yield in both device level and circuit level [29] so that an image sensor is demonstrated. The pixel sensor is realized in a bipolar 3-transistor (3-T) design. The image sensor circuit consists of 256 (16×16) pixel sensors, two 4-to-16 decoders and one 8-bit counter. The pixel sensor is characterized from room temperature (RT) to 500 • C. The functionality of the image sensor up to 400 • C is verified by taking photos of spatial patterns masked from a UV LED.
II. DESIGN AND FABRICATION
The microscope image and the circuit diagram of the discrete bipolar 3-T pixel sensor are shown in Fig. 1 (a) and (b) respectively. D1 is the photodiode. It has the same layout as our former design in [24] . T1 is the input stage transistor with two emitter terminals as row and column (Col) inputs. T3 is the switching transistor.
The microscope image of the fabricated image sensor is shown in Fig. 2 . It has 16×16 pixel sensors. Its digital circuit is composed of two 4-to-16 decoders, one 8-bit counter and an input control unit of a 2×4 tri-state buffer array. The image sensor has 1959 transistors in total and the whole layout has an area of 62.3 mm 2 . The circuits are built from standard discrete cells (inverter, buffer, AND, XOR and D flip-flop) selected from our TTL PDK [28] . The schematic diagrams of the digital circuits are shown in the Supplementary Material of this paper. The input control unit divides the inputs to the decoders by direct probing (enable=0) or clock input at the counter (enable=1). The reason to add the input control unit is to test the image sensor with decoders only in case the counter fails. The outputs from the counter and the decoders are designed to turn each pixel sensor ON sequentially from top left to bottom right.
The cross-section of the on-chip devices, including the bipolar transistor, epitaxial UV photodiode and resistor is shown in Fig. 3 . The figure also shows the connection of the metal line between the transistor and photodiode in the pixel sensor design.
The performance uniformity and the yield of the devices and circuits have been upgraded from our former work by improving the processing flow [29] . The processing started from 4H-SiC 100 mm substrates with epitaxial layers. The mesas of the devices were etched in three reactive ion etching (RIE) steps. A high flow of SF 6 (30 sccm) was applied in the RIE to solve the photoresist re-deposition issue [29] . A sloped mesa sidewall and a uniform etching speed was achieved. A thermal oxidation layer was grown in dry O 2 at 1100 • C for 1 hour and removed thereafter to smooth the SiC surface. A passivation PECVD oxide of 100 nm was first deposited and then annealed in N 2 O at 1250 • C for 1 hour to further reduce the etching damages.
The n-type ohmic contact was made by a Ni-based selfaligned two-step-annealing process [30] . The p-type Ohmic contact was made by a Ni-Al-based semi-self-aligned process [31] . The interconnect dielectric was PECVD oxide and the interconnect metal was sputtered TiW and Al. The TiW layer was 100 nm and it served as a diffusion barrier to prevent the Al from diffusing into, reacting with and degrading the contact. Chemical-mechanical polishing (CMP) was added to the processing flow because the circuit layout required a two-level metal interconnect design to reduce the area consumption. The CMP process was employed after depositing a thick oxide layer on the first metal layer (M1, 1 μm) to planarize the device topography (4 μm). Without CMP a clear pattern on the second metal layer (M2) cannot be shaped because the topography exceeds the depth of focus of the lithography machine. It leads to short circuit between the metal lines following an incomplete photoresist developing and metal etching process [29] . M2 had a thick Al layer of 2 μm to carry the high current from the TTL circuits, especially at the power supply and ground terminals.
III. MEASUREMENT SETUP
The UV LED used for illumination was SOLIS-365C from Thorlabs. The LED had an aperture diameter of 48.3 mm, a wavelength of 365 nm (bandwidth 10 nm) and a maximum optical power of 4 W (0.22 W/cm 2 ). The intensity of the LED was controlled by a manual current driver (DC20, Thorlabs). The UV light was illuminated on the pixel sensor and image sensor continuously for all the optical measurements in this paper. The maximum optical power was used for the discrete pixel sensors but ∼10 times reduced optical power was used for the whole image sensor. The parameter analyser for current-voltage measurements was Keithley 4200 SCS. The input of the pixel sensor, digital circuits and image sensor in the transient response measurement was programmed with a FPGA (Altera DE2). The voltage supply (V CC ) of all the digital circuits was always set at 15 V. The high temperature measurement was performed on a probe station having a ceramic hot chuck with a temperature control. The actual chuck temperature was always monitored by an infrared thermometer and an on-chip SiC diode temperature sensor [32] .
IV. RESULTS AND DISCUSSIONS A. PIXEL SENSORS
The DC characteristics of the pixel sensor is shown in Fig. 4 (a) . The row input is biased at 10 V and the column input is swept from 0 V to 10 V. The pixel is switched ON when both inputs are at high voltage since T3 works in its saturation region (V B =∼3 V) [27] . With either input at low voltage, the photocurrent generated in the photodiode is switched OFF since T3 works in its cut-off region (V B =∼0 V) [27] . The transfer voltage is around 5.5 V at RT and it has a temperature dependency of ∼5 mV/ • C due to the shift of forward voltage drop of both T1 and T3. The OFF-state current of the pixel is half of the ON-state current. The source of the OFF-state current is a "hidden" photodiode under the designed photodiode. As shown in Fig. 3 , the output of the pixel sensor (cathode of the photodiode) is not only connected to the designed photodiode but also a p-n junction formed by the collector and isolation layers. The collector-isolation p-n junction can also generate a photocurrent once the isolation layer is biased. The collector-isolation diode is always "ON" no matter if T3 is turned ON or OFF. The value of the photocurrent from the collector-isolation diode is similar to that from the photodiode due to a similar depletion (photon absorption) width. The transient response of the pixel sensor is shown in Fig. 4 (right) . The inputs of R and C are programmed to have low voltage (0 V) and high voltage (10 V) at 1 Hz and 2 Hz respectively. Note that the OFF-state current is subtracted in Fig. 4 (d) . The OFF-state current (both here and in the later results) is extracted as the minimum value of the current in the full measurement cycle. The read-out speed is limited by the parameter analyser with a 15 Hz sampling frequency.
To examine the two-level metal interconnect and signal uniformity from the pixels, a discrete 2×2 pixel sensor array was also tested. The transient response of the pixel sensor array with 2 row inputs and 2 column inputs (separated by two-level metal interconnect) is shown in Fig. 5 . The waveforms of the four inputs are programmed to switch the four pixel sensors ON one after another with an total-OFF-state in between. The signal from the four pixels has a variation of ∼2%. The variation is consistent from RT to 400 • C, but not at 500 • C. The leakage current and photoinduced current from the transistors at 500 • C increase to be comparable to the photocurrent from the photodiode and are added into the output. This high temperature issue has also been found from the DC characteristics of the single pixel sensor in Fig. 4 (a) .
B. IMAGE SENSOR
The characterization results of the basic gates, except for the tri-state buffer, used in the digital circuits have been reported in [28] . The measurement results of the tristate buffer and the simulation results of the decoder and counter are reported in the Supplementary Material of this paper.
The image sensor was tested with the clock input of the counter at 2 Hz. The total current of the whole circuit at the ground terminal is around 0.55 A at RT. The current breakdowns ∼0.2 A and ∼0.35 A to the pixel sensor array part and the digital part respectively. The total current increases around 10% at higher temperatures.
Three dark field Kapton masks with the patterns of letters "K", "T" and "H" were prepared by a laser cutter. Each mask was attached onto the pixel sensor array during measurement so that the light from the UV LED was shaded to have the corresponding geometrical pattern. The spatial response of the image sensor was recorded as the output current signal in time domain at RT (see Fig. 6 ) and 400 • C (see Fig. 7 ).
The signal was smoothed by the Savitzky-Golay (S-G) filter with a data segment length of 3 and then normalized, as expressed by Eq. (1)- (3) .
(1)
where S raw is the raw signal, S SG is the S-G filtered signal, S is the signal after baseline subtraction, S norm is the final normalized signal. Each normalized signal can be converted to a 16×16 resolution greyscale (1=white, 0=black) image, as also shown in Fig. 6 and Fig. 7 . The images are able to display the different illumination conditions created by the masks.
The read-out signal has a fairly high noise even though the signal acquisition time is long. The noise is due to a small SNR, ∼2:1, of each pixel, as discussed above. Supposing 68 (for the case of "H") of all the 256 pixel sensors are illuminated by the light of the same intensity, the SNR of each illuminated pixel sensor in the whole array is only 69:68=1.015. The images taken at RT are sharper since less amount of thermal noise is generated at a lower temperature.
V. CONCLUSION
To conclude, we have demonstrated for the first time a SiC based 16×16 resolution image sensor circuit in bipolar technology. It is not only an original work in SiC opto-electronic on-chip integration, but also to date the most complex design of all existing SiC-based ICs. Taking advantage of the wide band gap of SiC, the image sensor is UV-only and it is able to operate up to 400 • C. The functionality of the image sensor has been verified by taking photos of spatial patterns masked from UV light. The image sensor is a promising demo for future high resolution, high temperature UV photography sensors, but three main challenges must be addressed: (1) The SNR of each pixel sensor should be optimized by eliminating the "hidden" photodiode in the current design. (2) The read-out speed should be improved by introducing a transimpedance amplifier and analogue-to-digital converter under the premise that the SNR of each pixel is enhanced. (3) Area and power consumption of the circuits should be reduced. CMOS is more suitable compared to TTL in this aspect. However, the thermal instability issue of the MOSFETs must be solved.
